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Temperature and Precipitation Extremes under current, 1.5°C and 1 2.0°C Global Warming above Pre-Industrial Levels over Botswana, 2 and Implications for Climate Change Vulnerability Climate extremes are widely projected to become more severe as the global climate continues to warm 14 due to anthropogenic greenhouse gas emissions. These extremes often cause the most severe impacts on 15 society. Therefore, the extent to which the extremes might change at regional level as the global climate 16 warms from current levels to proposed policy targets of 1.5 and 2.0 °C above preindustrial levels need to 17 be understood to allow for better preparedness and informed policy formulation. This paper analysed 18 projected changes in temperature and precipitation extremes at 1.0, 1.5 and 2.0 °C warming over 19 Botswana, a country highly vulnerable to the impacts of climate change. Projected changes in temperature 20 extremes are significantly different from each other at the three levels of global warming, across three 21 main climatic zones in the country. Specifically, at 2.0 °C global warming relative to preindustrial, for the 22 ensemble median: (a) country average Warm Spell Duration Index (WSDI) increases by 80, 65, 62 days per 23 year across different climatic zones, approximately three (and two) times the change at 1.0 (1.5) °C; (b) 24 cold night (TN10P) and cold day (TX10P) frequencies decrease by 12 and 9 days per year across all regions, 25 respectively, while hot nights (TN90P) and hot days (TX90P) both increase by 8-9 days across all regions. 26 Projected changes in drought-related indices are also distinct at different warming levels. Specifically: (a) 27 projected mean annual precipitation decreases across the country by 5-12% at 2°C, 3-8% at 1.5 °C and 2-28 7% at 1.0 °C; (b) dry spell length (ALTCDD) increases by 15-19 days across the three climatic zones at 2.0 29 °C, about three (and two) times as much as the increase at 1.0 (1.5) °C. Ensemble mean projections 30 indicate increases in heavy rainfall indices, but the inter-model spread is large, with no consistent direction 31 of change, and so changes are not statistically significant. The implications of these changes in extreme 32 temperature and precipitation for key socio-economic sectors are explored, and reveal progressively 33 severe impacts, and consequent adaptation challenges for Botswana as the global climate warms from its 34 present temperature of 1.0 °C above preindustrial levels to 1.5, and then 2.0 °C. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 16 Botswana is a landlocked, subtropical country in central Southern Africa (Figure 1a ), sharing borders with 17 South Africa to the south, Namibia to the west, Zambia to the north and Zimbabwe to the north east. 
Introduction

Data
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The applied to the entire time-series for each model ensemble member. The climatology at a given GMST 8 warming above pre-industrial is defined by the year the running mean reaches the GMST of interest and 9 then stays consistently above the GMST. Figure 2 shows the spread of the years the participating models 10 reach 1.0, 1.5 and 2.0 °C warming above preindustrial levels. and used to extract the gridded sub-sets of the indices over each region, and the whole country. 18 19 Area-weighted average climatological means of the indices at a given GMST warming above pre-industrial 20 levels were calculated within the subsets and used to determine the change relative to pre-industrial 21 levels. For all the 24 members, the change for each extreme index relative to preindustrial levels is 22 calculated as; 23
where , ∈ {1.0, 1.5 2.0} represents the area-averaged climatological mean calculated from the 25 31-year period surrounding the date of GMST, and 0 is the area averaged climatological mean of the 26 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 
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Results are presented in box-and-whisker plot format, representing the ensemble spread for the change 13 in the indices relative to the preindustrial baseline period. Changes are presented first for precipitation Table S2 while Table S3 summarizes the median and IQR changes in both of the 19 precipitation and temperature indices relative to preindustrial levels. The inter-model ensemble spread, 20
shown by the box-and-whisker plots together with the test for model agreement on change of sign depict 21 the uncertainty in the projected changes of the indices. WPSR test results are presented using p-values. 22 respectively (these are also the largest relative reductions, compared to preindustrial mean precipitation; 31 see Figure S1a ). This region, as opposed to the rest of the country tends to be the one that receives most 32 of its rainfall when the ITCZ shifts south in austral summer. The stabilizing and equatorward shifting of the 33 mean position of the ITCZ under climate change could therefore be the reason behind the reduction 34 (Giannini et al., 2008) . Region 3 has the least reductions (10.0-43.0mm) in total annual precipitation, 35 because of its already low annual precipitation totals ( Figure 1a) ; relative reductions are much larger 36
Precipitation Extremes Changes
( Figure S1a) . When testing for model agreement on change of sign, the change in PRCPTOT at 2.0 °C is the 37 only one that shows consensus among models with >75% of the ensemble members projecting a 38 A c c e p t e d M a n u s c r i p t 8 reduction across all regions. Taking the country average, 58.3% of the models project a decrease in 1 PRCPTOT at 1.0 °C, 62.5% at 1.5 °C and 83.3% at 2.0 °C GMST above preindustrial levels (Table S2) . WPSR 2 test results show that the change in PRCPTOT between the three levels of warming is statistically 3 significant across all regions, except for 1.0 versus 1.5 for a couple of the regions. An additional 0.5 °C 4 increment in GMST from 1.5 and 2.0 °C therefore has significant impacts on the annual precipitation across 5 the country. We note that PRCPTOT is not strictly a climate extreme, but it is included in climate extreme 6 studies as total annual precipitation is a measure of interannual drought, and has implications on various 7 economic sectors especially in water stressed countries like Botswana. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
The number of consecutive dry days (ALTCDD) (Figure 3b) show statistically significant increases across all 1 regions for all warming levels. The ALTCDD median increases of 7.2, 13.5 and 18.7 days for the 1.0, 1.5 2 and 2.0 °C respectively are projected for Region 1, these being the largest of the changes. On average, 3 Botswana is projected to experience median increases of 5.7, 10.4 and 17.8 days in ALTCDD under the 4 respective warmings. There is general consensus on the sign of change of ALTCDD across ensemble 5 members with more than 80% of members depicting an increase across the three warming periods over 6 the entire country. The increases in ALTCDD imply longer dry seasons with late onsets and early cessation 7 of rainfall, as noted by Pinto et al. (2016) and Sillmann et al. (2013b) . Median changes in the number of 8 consecutive wet days (ALTCWD) are generally small in magnitude (Figure 3c ). Relative to preindustrial 9 levels, median changes at 1.0 °C warming are for a decrease of 0.21 days in Region 1 while Region 2 and 10 3 show median increases of even smaller magnitude. On average, an additional 0.5 °C warming to 1.5 and 11 2.0 °C reduces ALTCWD by about half a day. The reductions in ALTCWD may be small in magnitude but 12 are very significant given the short-lived and convective nature of rain bearing weather systems in 13 Botswana. The shorter rainfall seasons described by increases in ALTCDD coupled with potentially shorter 14 wet-spells could have serious implications on various economic sectors, with the agricultural sector likely 15 to be particularly vulnerable. 16 For the heavy precipitation indices, the projected ensemble median changes in total accumulated 17 precipitation from heavy (R95P) and very heavy (R99P) precipitation days are a small, but generally non-18 significant increase as the climate system warms further (Figure 3d and 3e) . rainfall events do not show any significant changes, while the frequency of moderately heavy rainfall 31 events (R10MM) show statistically significant decreases across all regions (Figure 3h and 3i) . 32
To investigate whether biases inherent in climate models especially in simulating accumulated 33 precipitation may influence the results, box-and-whisker plots of percentage changes in the total annual 34 precipitation (PRCPTOT), one day maximum precipitation (RX1day) and the five-day maximum 35 accumulated precipitation (RX5DAY) relative to industrial levels were also analysed ( Figure S1 ). Similar 36 results to those obtained using absolute changes were found. An exception was that 0 for PRCPTOT in 37 Region 2 decreases from 0.117 when using absolute changes to 0.097 when using percentage changes 38
( Figure S1a) . The difference suggests that the change in PRCPTOT between the current climate and 1.
°C 39
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Temperature Changes
3
The changes in temperature indices agree strongly on the direction of change across all indices (Figure 4  4 and Table S2 ). P-values for temperature derived indices obtained from the WPSR test are all very small 5 (≪ 0.10) across all regions and warming levels above preindustrial levels. The p-values here imply that the 6 changes in these indices are statistically significant across all warming levels. The inter-model spread is 7 small for most temperature extremes therefore results are generally associated with less uncertainty. 8
Of the percentile based indices, the hot day and hot night extremes, TX90P (Figure 4a ) and TN90P ( Figure  9 4b) show the greatest changes, though the change is more pronounced for TN90P especially over Region 10 1. TX90P is projected to increase by 30% above preindustrial levels on average in Botswana when the 11 climate system reaches 2.0 °C, an increment of 10% from 1.5 °C levels. For TN90P the average increase at 12 2.0 °C is even higher, at 35%. Decreases in cold day and night extremes, TX10P (Figure 4c ) and TN10P 13 (Figure 4d ), occur over the entire country with minimum temperature based extremes showing the larger 14 reductions. Hot nights and mild winters are therefore expected to become a common occurrence with a 15
warming climate leading to a decrease in frost occurrences. Warm spells (heat waves; WSDI) increase are 16 projected across all regions, by 80 days compared to preindustrial levels at 2.0 °C for Region 1, and by 65 17 and 62 days for Region 2 and 3 ( Figure 4e ). Even though all models show an increase in warm spells with 18 increased warming, the ensemble spread also increases significantly at 2.0 °C (ranging between 26 and 96 19 days) compared to present (5 to 39 days) and 1.5 °C (13 and 65 days) indicating an increasing uncertainty 20 as models warm further. Relating to findings by Moses (2017) , the increases in TX90P and WSDI suggest 21 a significant increase in heat wave events across the country. We note here the need to look at these 22 indices seasonally as an opportunity for further investigation (Sillmann et al., 2013b) , and that the WSDI 23 does not consider the intensity of heat waves (Dosio, 2016). 24 
25
Page 11 of 20 AUTHOR SUBMITTED MANUSCRIPT -ERL-104537. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 6 The projected changes in both temperature and precipitation extremes under warming climates are likely 7 to have significant negative impacts on many social and economic activities in Botswana, most especially 8 in the agricultural sector, and those dependent on water. The majority of Botswana's population is highly 9 reliant on rain-fed agriculture for livelihoods, so these changes in extremes are likely to produce severe 10 impacts, especially on the most vulnerable, women (Omari, 2010) . Many crops suffer sharp drops in yield 11 after periods of cumulative heat stress (e.g., Schlenker et al., 2010) . The large increases in temperature 12 extremes projected for Botswana as one moves from 1.5 to 2.0 °C, suggest potentially large, and growing 13 impacts on crops that are currently farmed, such as maize (Barnabás et al., 2008), significantly reducing 14 yields. This is in agreement with previous studies showing that Botswana will be among the most impacted 15 countries with regards to agriculture in Africa (Chipanshi et al., 2004; Schlenker and Lobell, 2010 ). These 16 impacts will be exacerbated, particularly for rain-fed agriculture, by the projected decreases in mean 17 annual rainfall and longer dry spells causing plant water stress, more frequently crossing the tipping point 18 between good and average harvests, and complete agricultural failure (Batisani and Yarnal, 2010 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 intense rainfall will potentially cause crop damage and lower soil moisture. These multiple impacts warn 1 of a growing adaptation challenge as the climate warms from today, through 1.5 to 2.0 degrees, requiring 2 more heat and drought-tolerant varieties to be developed or adopted. The options for expanding irrigated 3 agriculture are small, apart from perhaps the North West of the country in the Okavango basin, but this 4 would involve trade-offs with biodiversity conservation and ecotourism in this unique wetland system. 5
Implications for Vulnerability to Climate Change in Botswana
Livestock production is also likely to be negatively impacted as increased dry spells will reduce pasture 6 productivity (Setshwaelo, 2001; Mberego, 2017) , compounded by inadequate adaptation strategies 7 (Kgosikoma and Batisani, 2014) . 8
Water resources are also likely to be heavily impacted by the reduced total precipitation and increased 9 intensity and longer dry spells, and greater evaporation under more extreme temperatures. Water stress 10 is already a challenge with various economic sectors competing for the scarce resource; drought in 2014-11 2016 led to water-supply failure in the capital city, Gaborone (Siderius et al., 2017) . For Region 3, in the 12 south-western parts of the country where rainfall is already low (annual accumulations of less than 13 300mm), further reductions in rainfall imply increased pressure on the already stressed water sources 14 (Batisani, 2011) . The increasing RX5DAY implies a potential increase in very heavy rainfall events that 15 could cause flooding and lead to economic losses (Tsheko, 2003 
Conclusions
30
This study found that Botswana is projected to experience significant increases in all temperature and 31 many rainfall extremes as GMST increases from 1.0 °C through 1.5 to 2.0 °C above preindustrial levels. 32
The changes are particularly strong for temperature extremes; for each increment of global warming, 33 temperature extremes are statistically different, indicating markedly different regional climates over 34 Botswana at different levels of global warning. Similarly, there are projected statistically significant 35 decreases in mean rainfall and increases in dry-spell length at each global temperature level. In contrast, 36 although intense rainfall indices do show ensemble median increases, the spread in model results means 37 that changes at each increment are not statistically distinguishable. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 14 1 These changes in extremes present a growing adaptation challenge between 1.5 and 2.0 °C for key 2 economic sectors in the country. Rain-fed agriculture is already marginal across much of the country, and 3 the combined changes in heat extremes and decrease in moisture may well make current agricultural 4 practices unviable at 1.5 and 2.0 °C warming. Botswana is already water-stressed; the projected decreases 5 in mean annual rainfall, as well increased dry spell length, will escalate stress, leading to more frequent 6 water shortages in today's urban and agricultural supply systems. Further work is needed to better 7 quantify the impacts, and resultant costs of adaptation at these different levels of global mean warming. 8 However, our results suggest that, for a climate-stressed country such as Botswana, even small increments 9 in global mean temperature have serious societal consequences that will demand progressively more 10 radical adaptation responses. 11
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